The Yb-Si-Al-O-C-N oxycarbonitride glasses were prepared by dissolving SiC in the liquid phase of the Yb2O3-AlN-SiO2 system. The solubility of SiC in the liquid with (Yb2O3)25(AlN)25(SiO2)50 composition was about 2 mol% at 1550.
Introduction
The customary approach for improving the properties of oxide glasses is to replace oxygen atoms partially by nitro gen or carbon atoms.1)-7) Regarding the replacement by nitrogen atoms, it has been shown that the properties such as softening temperature, elastic modulus and Vickers hard ness of glasses are improved by the incorporation of nitro gen atoms in glasses.1), 2) As a reason of these phenomena, it is considered that the network of glass becomes more resistant against bending as the oxygen atoms are replaced by nitrogen atoms.1)-3)
The incorporation of carbon atoms in the network of glass has also attracted attention and the oxycarbide glass es such as Mg-Si-Al-O-C and Si-O-C have been prepared.4)-6) Because carbon atoms have higher valence than nitrogen atoms in glass,4) the incorporation of carbon atoms has been reported to be more effective than that of nitrogen atoms for improving the glass properties.4)-6) The oxycarbide glass has been shown to have good oxidation resistance.5) As an example of glass containing O, C and N atoms simultaneously, the Mg-Si-Al-O-C-N oxycarboni tride glass has been prepared. 7) On the other hand, in the SiC/Si3N48) or SiC/SiAlON9) composites, it has been expected that SiC is dissolved part ly in the grain boundary glass phase, where the oxycarboni tride glass might be formed. Recently, the liquid-phase sin tering of SiC using Y2O3+Al2O3 additives has been studied by several investigators.10)-16) Sigl and Kleebe11) have shown that the Y3Al5O12 crystals and the amorphous phase exist at the grain boundary of this liquid-phase sintered SiC; this amorphous phase might be the Y-Si-Al-O-C oxycar bide glass. Thereby, the investigation of carbon-containing glasses seems to be important for a practical application. As an example of sintering aids of SiC using AlN, Ikuhara et al.17) have reported the occurrence of amorphous grain boundary phase in the sintered SiC using B+C+AlN.
In the previous papers, the present authors and a cowor ker have studied the properties of oxynitride glasses18) and the glass-forming region of the Yb2O3-AlN-SiO2 system, 19) and shown that the Yb-Si-Al-O-N glass has the best oxida tion resistance in the rare-earth (Ln)-containing Ln-Si-Al -N glasses .18) However, the solubility of SiC in the glass is not clear, If SiC dissolves in the Yb-Si-Al-O-N glass, it is expected that the liquid-phase sintering of SiC is possible by using the additives such as Yb2O3+AlN+SiO2.
Then, in this work, (1) the possibilities of dissolving SiC in the liquid of Yb2O3-AlN-SiO2 system and the formation of Yb-Si-Al-O-C-N oxycarbonitride glasses have been in vestigated, and (2) the properties of oxycarbonitride glass es have been clarified. And in addition, (3) the possibility of liquid-phase sintering of SiC by using Ln2O3+AlN+SiO2 additives (Ln=rare-earth element) as sintering aids has also been examined.
Experimental 2.1 Preparation of glasses and properties
The raw powders used were Yb2O3 (purity: 99.9 mass%, average particle size: 1m), AlN (99 mass%, 0.6m), SiO2 (99.99 mass%, 0.3m) and SiC (99 mass%, 0.3m). These powders were mixed in ethanol to a given composi tion and then were dried and pressed into a disc compact of about 30mm10mm in size. This compact was melted in a BN crucible under a nitrogen atmosphere of 0.8MPa at 1550 for 1h and then allowed to cool at the natural cooling rate of the furnace (about 60/min in the glass-forming range) in order to prepare the glass specimen.
The glass transition temperature and the softening tem perature of glasses were determined by differential thermal analysis and by dilatometry, respectively, during heating at a rate of 5/min up to a maximum heating temperature of 1200 under a nitrogen atmosphere. Oxidation behaviors of specimens were analyzed by thermogravimetry, measur ing the weight changes of specimens during oxidation in air;18) the specimen with about 444mm in size was set quickly into a furnace of the thermogravimetric analyzer kept at 1040 and was held at the same temperature to measure the weight changes. The crystal structures of specimens were determined by X-ray diffraction (XRD) and the microstructures of specimens were observed by scanning electron microscopy (SEM). The infrared (IR) absorption spectra of glasses were measured by the Fourier transform infrared spectrophotometry.
Liquid-phase sintering of SiC
In order to clarify the possibility of liquid-phase sintering of SiC by using Ln2O3+AlN+SiO2 additives (Ln=La, Y, Gd, Dy, Er and Yb), the green compacts with (SiC)94 (Ln2O3)1.2(AlN)1.8(SiO2)3 composition and with about 30 mm5mm in size were sintered at 1950 for 4h under a high purity Ar atmosphere. The purity and the average par ticle size of Ln2O3 used are 99.9 mass% and 1m, respec tively. The densities of sintered bodies were measured by the Archimedes method. The XRD patterns of the cross sec tions of sintered SiC were observed and the crystal struc tures were determined. The microstructures were observed by SEM. The volume fraction of SiC polytypes in the sin tered SiC was determined by analyzing the intensities of several XRD peaks.20)
3. Results and discussion 3.1 Properties of oxycarbonitride glasses As a composition located in the glass-forming region of the Yb2O3-AlN-SiO2 system,19) the (Yb2O3)25(AlN)25 (SiO2)50 composition was selected and the oxycarbonitride glasses were prepared by dissolving SiC in the liquid with this composition at 1550, which is about 100 higher than the solidus temperature of this system.19) Figure 1 represents the glass transition temperature, Tg, the softening temperature, Td, and the Vickers hard ness, Hv, of glasses in the quasibinary (Yb2O3)25(AlN)25 (SiO2)50-SiC system as a function of SiC content. In a range of SiC content below 2 mol%, they rise with increasing con tent of SiC. These results suggest that the network of glass becomes more resistant against bending by the incorpora tion of carbon atoms in glass. On the other hand, Tg and Td in a specimen with SiC content of 3 mol% are almost simi lar to those in a specimen with SiC content of 2 mol%, whereas Hv in the former is higher than that in the latter. In a specimen with SiC content of 3 mol%, only the crystal lized glass was obtained and the precipitation of microcrystals (probably, precipitates of SiC) in glass was observed by SEM. These results suggest that the solubility of SiC in the liquid with (Yb2O3)25(AlN)25(SiO2)50 composi tion is about 2 mol% at 1550.
As a reason of increasing Hv in a range of SiC content higher than 2 mol%, it is consi dered that the glass becomes more resistant against defor mation by the existence of precipitates.
The IR spectrum of the oxycarbonitride glass with (Yb2O3)24. W/Wmax, of specimens during oxidation in air at 1040 are shown in Fig. 3 as a function of oxidation time, t(h). Generally, a relation among them is represented by the following equation .18) here, W is the weight change, max is the theoretical weight change when the specimen is completely oxidized, c is the rate constant of oxidation and n is the exponent which is dependent on the oxidation mechanism. In the previous paper,18) the present authors have clarified the oxidation mechanism of oxynitride glass: n was larger than 1 when the simultaneous oxidation and decom position occurred and n was smaller than 0.5 when the crys tallization of oxynitride glass occurred during oxidation. 18) In the Yb-Si-Al-O-N glass, n is larger than 1 as shown by curve (a) in Fig. 3 , where the oxynitride glass is oxi dized accompanied with frothing. On the contrary, in the Yb-Si-Al-O-C-N glasses as shown by curves (b) and (c) in Fig. 3 , n is larger than 1 at the early stage of oxidation, where the simultaneous oxidation and decomposition occur. However, during oxidation in these glasses, n-value decreases gradually with increasing oxidation time and final ly n-value becomes lower than 0.5. As a reason of these phenomena, it is considered that the oxidation rate decreases as the dense oxide scales are formed during oxida tion and as the crystallization of glass is initiated during oxi dation as described later.
Comparing three curves in Fig. 3 , it is considered that the rate constant of oxidation tends to decrease as the SiC con tent of oxycarbonitride glass increases.
Microstructures of the oxidized glasses were observed by SEM in order to clarify the oxidation behaviors of glasses. Figure 4 reveals the SEM micrographs (back-scattered electron images) of the surfaces of Yb-Si-Al-O-N and Yb Si-Al-O-C-N glasses oxidized at 1040 for 24h. As shown in Fig. 4(a) , the oxide scale of Yb-Si-Al-O-N glass has many large open pores, which are attributed to the frothing during oxidation. On the contrary, the oxide scale of Yb Si-Al-O-C-N glass has fine structures, as shown in Fig.  4(b) , suggesting that the dense and crystalline oxide scale is formed during oxidation. Figure 5 reveals the back-scattered electron image of the cross section of Yb-Si-Al-O-C-N glass oxidized at 1040 for 24h. In the back-scattered electron image of Fig. 5 , white area is the crystals containing atoms with large atom ic number, which are considered to be the microcrystals of Yb2Si2O7, judging from the results of XRD shown later in Fig. 6 . As revealed in Fig. 5 , many crystals and many pores were observed in the oxide scale, whereas many crystals of Yb2Si2O7 were grown in the inner part of glass. These results suggest that the surface of glass is oxidized accompa nied with frothing at the early stage of oxidation (thickness of this area is about 30m from the surface), and as the crystallization of glass is initiated in the glass, it is suggest ed that the frothing is suppressed and that the oxidation rate of glass is decreased. From these results, it is considered that the oxidation resistance of oxynitride glass is improved by the incorpora tion of carbon atoms in glass, i.e., by the formation of oxyc arbonitride glass. As a reason of this phenomenon, it is con sidered that the incorporation of carbon atoms in glass pro motes the crystallization of glass, which suppresses the frothing of glass during oxidation and causes the decrease in diffusion rate of mobile species during oxidation. These are similar to those reported in the oxycarbide glasses such as Mg-Si-Al-O-C and Si-O-C.4)-6) 3.3 Application to liquid-phase sintering of SiC From the results described above, it is expected that SiC dissolves slightly in the liquids of Ln2O3-AlN-SiO2 sys tems. The solidus temperatures of these ternary systems are considered to be somewhat lower than that (1487)25) of the AlN-SiO2 system. In order to clarify the possibility of liquid-phase sintering of SiC by using the Ln2O3+AlN+ SiO2 additives, the compacts with (SiC)94(Ln2O3)1.2 (AlN)1.8(SiO2)3 composition (Ln=La, Y, Gd, Dy, Er and Yb) were sintered at 1950 for 4h in Ar atmosphere. The densities of the sintered bodies are shown in Table 1 . The dense sintered bodies with densities above 2.9103kg m-3 are successfully obtained by using these sintering aids. The XRD patterns of sintered SiC are shown in Fig. 7 . The crystal structures of the liquid-phase sintered SiC con tain the polytypes20) of SiC such as 2H, 3C, 4H, 6H and 15R structures as shown in Table 1 , where 3C structure is -SiC (cubic) and others are polytypes of -SiC (hexagonal or rhombohedral). The microstructures of the fractured sur faces of sintered SiC are revealed in Fig. 8 . Especially in the sintered bodies with Ln=Dy, Er and Yb, many elongat ed SiC grains were observed, which may be related with the existence of large amounts of 4H structure. These morphol ogies are similar to those of the liquid-phase sintered SiC prepared by using Y2O3+Al2O3 additives.12)-15) The raw powders used were -SiC (3C structure). Then, during liq uid-phase sintering, it is considered that the -SiC particles are dissolved in the liquid phase and that the elongated SiC grains with other polytypes were grown.
On the other hand, in the sintered body with Ln=La, many spherical SiC grains were observed. As shown in Ta ble 1, in the sintered bodies with Ln=La and Gd, transformation10)-16) during liquid-phase sintering seems to be insufficient at the present sintering condition.
From these results, it is considered that the Ln2O3 +AlN+SiO2 additives are useful for the liquid-phase sinter ing of SiC. The liquid phase of the Ln2O3-AON-SiO2 system, in which SiC was partially dissolved, are considered to form the grain boundary phase of the sintered SiC after liquid phase sintering.
The liquid-phase sintered SiC with high fracture tough ness has also been prepared by using Al2O3 additives . 28), 29) The development of liquid-phase sintered SiC with various sintering aids such as Al2O3, Y2O3-Al2O3 and Er2O3-AlN SiO2 is hoped to increase a use for SiC . (2) The glass transition temperature, the softening tem perature and the Vickers hardness of the Yb-SiAl-OC-N oxycarbonitride glasses tend to rise with increasing content of SiC.
(3) The incorporation of carbon atoms in oxynitride glass promotes the crystallization of glass and improves the oxidation resistance of glass.
(4) The liquidphase sintered SiC can be obtained by us ing the sintering aids such as Ln2O3+AlN+SiO2 (Ln= rare-earth element).
